Abstract: The duration of cross-neutralising antibody responses (cross-NAb) following HPV immunisation is unknown. We compared cross-NAb responses in cohort of girls who were either unimmunised or had received immunisation with one, two or three doses of 4vHPV (Gardasil ® , Merck Inc., Kenilworth, NJ, USA) six years earlier, before and one month after a booster dose of 2vHPV (Cervarix ® , GSK, Brentford, UK). NAb to potentially cross-reactive HPV genotypes 31, 33, 45, 52 and 58 were measured using a HPV pseudovirion-based neutralisation assay. Girls who had previously received at least one dose of 4vHPV had significantly higher NAb titres for HPV31 when compared with unimmunised girls, whereas no difference in NAb titre was observed for four other genotypes (33, 45, 52 and 58). Following a single further immunisation with 2vHPV, NAb titres to each of the five tested HPV genotypes were comparable for girls who previously received one, two or three doses of 4vHPV, and were significantly higher than for previously unimmunised girls. Immunisation with one, two or three doses of 4vHPV induced NAb to HPV31 that persisted for six years, but there was no persistence of NAb to HPV33, 45, 52 or 58. Our results suggest that one or two doses of 4vHPV may provide long-term protection against HPV31.
Introduction
Bivalent (HPV16, 18) (Cervarix ® ) and quadrivalent (HPV6, 11, 16, 18) (Gardasil ® ) human papillomavirus (HPV) vaccines, when administered in a standard three-dose schedule (0, 1 or 2, and 6 months) have demonstrated effective protection >96% against HPV type specific cervical cancer precursors in previously uninfected individuals [1] [2] [3] [4] [5] . Both vaccines also induce high levels of vaccine type-specific antibodies that persist for at least 12 years [6] .
HPV16 and HPV18 are the commonest oncogenic HPV genotypes, while HPV31, 33, 45, 52 and 58 are the next most common, together accounting for 20% of cervical cancer cases worldwide [7] . These 5 genotypes are phylogenetically-related to HPV16 and 18. HPV 31, 33, 52 and 58 belong to the same Alpha 9 (A9) species group as HPV16, while HPV45 and HPV18 are in the Alpha 7 (A7) group [8] While previous studies have demonstrated immunisation efficacies of 20-60% against HPV infection and cervical cancer precursor lesions caused by HPV31/33/45/52/58 in women given three doses of 2vHPV or 4vHPV [9] [10] [11] , a recent post-hoc analysis of Phase III clinical studies have revealed significantly higher efficacy against non-vaccine type high grade cervical lesions in 2HPV when compared with 4vHPV [12] . In countries that have introduced either 2vHPV or 4vHPV immunisation, effectiveness of 30-60% against HPV31, 33 and 45 associated disease have also been reported after five years, suggesting cross-protection [13] [14] [15] . This cross-protection is thought to be mediated by cross-neutralising antibodies (cross-NAb) to the L1 capsid protein that share homologous sequences within the A9 and A7 species group, although other mechanisms (e.g., cross-reactive T-cells) may also be important [12] . NAb to HPV31, 33 and 45 were generated in a proportion of individuals following three doses of 2vHPV or 4vHPV [16] [17] [18] [19] . However, these cross-NAb are of approximately 100-fold lower titre than vaccine genotype specific antibodies [17, 19] , and it is not known how long these antibodies persist in the circulation.
Since 2015, two doses of HPV vaccine given six months apart has been recommended by the World Health Organization for girls under 15 years old [20] . Furthermore, there is promising observational data on the immunogenicity and efficacy of single-dose HPV vaccine schedules against vaccine-type HPV infection, and data from randomised controlled trials are anticipated [11, [21] [22] [23] . The question of whether reduced-dose schedules generate similar durable NAb to potentially cross-reactive HPV genotypes 31, 33, 45, 52 and 58 as the three-dose schedule is unknown.
We performed a cohort study in Fiji to examine the immunogenicity of reduced-dose 4vHPV vaccine schedules in girls previously unimmunised or immunised with one, two or three doses of 4vHPV. The vaccine genotype-specific NAb and cellular immune response data have been published previously [22, 24] . Here, we examined the NAb responses to HPV31, 33, 45, 52 and 58, six years after the last dose of 4vHPV and one month after a booster dose of 2vHPV.
Materials and Methods

Study Design, Procedures and Participants
The details of the study design, enrolled participants as well as study procedures have been described previously [22] . Briefly, a cohort study was conducted in Fiji between February and March 2015. A total of 200 girls aged 15-19 years who were previously immunised with one, two or three doses of 4vHPV, and girls who had not received any HPV vaccine were recruited for the study. Each dosage group were comprised of equal proportions of the two main ethnic groups-iTaukei (IT) and Fijians of Indian Descent (FID). Girls who had previously received one, two or three doses of 4vHPV were recruited through the school immunisation record obtained from the Fiji Ministry of Health and Medical Services, as well as friends of recruited girls, due to difficulties in locating girls on the vaccine list, while girls who had not received any prior HPV vaccine were recruited by the recommendation of friends of recruited girls and by informal network (i.e., word of mouth). A single dose of 2vHPV (Cervarix ® , GlaxoSmithKline, Belgium) was given at day 0 to all participants to evaluate the immunological memory following reduced-dose schedules, and blood samples were collected to determine HPV specific immune responses prior to and 28 days following immunisation.
Laboratory Methods
The plasmids (p31sheLL, pVITRO-HPV33L1L2, p45sheLL, p52sheLL and p58sheLL) used to produce the pseudovirions were gifts from John Schiller and Richard Roden. The NAbs against HPV types 31, 33, 45, 52 and 58 were measured using the pseudovirion-based neutralisation assay previously described [18] . A neutralising titre (ED50) was defined as the highest serum dilution that reduces the secreted alkaline phosphatase activity by at least 50% in comparison to control (pseudovirions without serum). A sample with an ED50 value of ≥25 was considered HPV seropositive in our assay; seronegative samples were given a value of 12.5. All laboratory staff were blinded to the immunisation status of each participant, and each sample was identified according to a unique study number.
Statistical Analysis
The primary analysis was the comparison of the geometric mean titres (GMTs) of the HPV-specific NAb titres against HPV31, 33, 45, 52 and 58 in girls who previously received zero, one or two doses of 4vHPV with girls who received three doses. The secondary analyses were the comparison of the NAb GMTs one month post-2vHPV between girls who received zero, one or two doses and girls who received three doses. We also stratified the girls in each dosage group by ethnicity and compared their NAb GMTs based on our previous findings that vaccine-type NAb titres differed by ethnicity [22] . Within the two-dose group, we also stratified the girls into those who received two doses <6 months or ≥6 months apart, and compared their NAb GMTs before and one month after 2vHPV. For these analyses, we log-transformed the NAb titres and compared them using the Student's t test or Mann-Whitney test (for comparison of NAb titres between iTaukei and FID within the zero-dose group only). The seropositivity rates were compared between the three-dose group and zero, one or two dose groups using the Fisher's Exact test. Correlation analyses between vaccine-type GMTs (from [22] ) and NAb GMTs to HPV31, 33, 45, 52 and 58 were performed using the Spearman's correlation analyses. All statistical analyses were performed using GraphPad Prism software, version 5.0. For the primary outcome analysis, based on results from a two-year follow-up study [16] , a sample size of 60 per group provided 84% power to detect a fold change in means (expected ratio) of 1.65 assuming that the coefficient of variation is 1.15 using a two group t-test with a 0.05 two-sided significance level.
Ethics Approval
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Results
The baseline characteristics of the study participants were described in Toh et al. [22] . Briefly, a total of 200 girls were recruited: 66 (three-dose group); 60 (two-dose group); 40 (one-dose group); 34 (zero-dose group). Three girls (two from the zero-dose group and one girl from the two-dose group) were lost to follow-up for the post-immunisation visit, and two girls in the zero-dose group were excluded from analyses, due to unconfirmed immunisation status. The demographic characteristics of the study participants were generally comparable between the groups that had received one, two or three doses of vaccine six years previously. The unimmunised group were slightly older compared with girls from the one-dose group.
The proportion of girls who were seropositive for each HPV genotype six years after the last dose of 4vHPV, and also one month after the booster dose of 2vHPV, are shown in Table 1 . Six years after the primary immunisation but prior to the booster dose, a significant difference was seen in the seropositivity rates for HPV31 in the girls who received one dose of 4vHPV when compared with three doses, but there were otherwise no significant difference in seropositivity rates between girls who received one or two doses of 4vHPV when compared with girls who received three doses. Amongst girls immunised six years previously with one to three doses of 4vHPV, and boosted with one dose of 2vHPV, no differences were seen in seropositivity rates to any tested HPV genotype, one month after the 2vHPV immunisation, whereas girls not previously immunised had significantly lower HPV seropositivity rates to all HPV genotypes. In girls who had six years previously received at least one dose of 4vHPV, seropositive rates for HPV31 (33-58%) were higher than for HPV33, 35, 52, and 58 (8-29%) and were also higher a month after a further dose of 2vHPV (95-99% for HPV31, and 54-93% for HPV 33, 35, 52, and 58).
Six years after immunisation with one, two or three doses of 4vHPV, GMTs for HPV31 were significantly higher than NAbs for HPV33, 45, 52 and 58 (Figure 1) 15 , p = 0.661), and were marginally higher than in girls who had previously received one dose of 4vHPV (GMT: 13.17 (95%CI: 12.41-13.97, p = 0.043). No significant differences in the GMTs for HPV33, 45 and 52 were found between girls who had previously received three doses of 4vHPV and the other dosage groups.
A booster immunisation with 2vHPV was given to all girls in the study to determine immunological memory responses to vaccine types HPV16 and 18 [22] . Here we report on the NAb responses to potentially cross-reactive types following the booster immunisation with 2vHPV. Following the 2vHPV immunisation, the NAb titres to HPV31, 33, 45, 52 and 58 increased significantly (p < 0.001 for all HPV types) in girls who had previously received at least one dose of 4vHPV. Interestingly, girls who received one dose of 4vHPV earlier increased between 2-and 46-fold to a level that was similar to the two-and three-dose groups (Figure 2 ). NAb levels in girls who had previously received at least one dose of 4vHPV were significantly higher than those not previously immunised, for all HPV types measured except HPV58. A dose of 2vHPV in previously unimmunised girls significantly increased NAb levels for HPV31 and 33 (HPV31, p < 0.0001; HPV33, p = 0.02), but not for HPV45, 52 and 58 (HPV52, p = 0.077; HPV52, p = 0.694; HPV58, p = 0.713). There were no significant differences for any of the HPV types before or after a dose of 2vHPV when comparing the girls who received two doses of 4vHPV more or less than six months apart ( Figure S1 ).
We next determined whether there were differences between ethnic groups in NAb responses to the tested HPV types. Six years following 4vHPV immunisation, significantly higher NAb titres for HPV31 and 45 were found for FID girls compared with iTaukei girls who had received two-or three doses (Supplementary Table S1 ). Higher NAb titres for HPV31 and 45 were also observed in FID girls than in iTaukei girls following a booster dose of 2vHPV immunisation in girls who had received two-or three doses of 4vHPV, except for HPV31 in girls who had received two doses of 4vHPV. After the booster 2vHPV immunisation, higher HPV31 NAb titres were observed in FID girls than iTaukei girls who had previously received one dose of 4vHPV (p = 0.010), while in girls who were previously unimmunised, significantly higher HPV58 NAb titres were found in iTaukei girls (p = 0.026) when compared with FID girls.
We next undertook correlation analyses to determine the relationship between vaccine-type and non-vaccine type HPV NAb responses. Pooled analyses revealed moderate to strong positive correlations between HPV16 and HPV31 or HPV33 NAb levels (r = 0.84 and r = 0.644, respectively), as well as between HPV18 and HPV45 NAb levels (r = 0.676) (p < 0.0001) (Figure 3 ). The correlations were consistent when stratified by dosage group (Figure S2a-e) . Weak, but significant positive correlations between HPV16 and HPV52 or 58 NAb levels were observed (r = 0.372 and r = 0.385, respectively) (p < 0.0001) (Figure 3 ), even when stratified by dosage groups (p < 0.01; except for the zero-dose group (HPV52, p = 0.148; HPV58, p = 0.555) (Figure S2a-e) . 
Discussion
To our knowledge, this is the longest follow up study to date documenting cross-NAb levels following HPV immunisation, and includes reduced-dose schedules. Our data suggests that two or one dose of 4vHPV may provide additional protection against HPV31 at least for six years. In addition, a broader immunological effect was observed post-2vHPV for all non-vaccine type measured in girls who received at least one dose of 4vHPV, although the clinical significance of this finding is unknown as there is currently no recognised level of NAb that is known to be protective.
Previous studies have reported cross-NAbs to HPV31 and 45, one month following two or three doses of 2vHPV or 4vHPV immunisation, at approximately 100-fold lower levels than vaccine-type NAb [16] [17] [18] [19] . These cross-NAbs were found to persist for at least 5 and 2 years for 2vHPV and 4vHPV, respectively [16, 17, 25, 26] . Our data extends these observations for HPV31 to six years (approximately 100-fold lower levels than vaccine-type NAb observed previously [22] ), as well as to girls who received two doses of 4vHPV, suggesting that two doses given to girls under 15 years old may be sufficient to induce cross-protection to HPV31 in the long-term. The reason that only HPV31 NAb persisted but not the other types is an interesting finding and most likely due to its close relationship to HPV16 compared with other non-vaccine types [27] . Based on the literature, it is likely that cross-NAbs to HPV45 following 4vHPV were generated [16] [17] [18] , and have waned below the assay detection limit after six years, although we are unable to confirm this as no data was collected six years prior. Studies evaluating NAbs to HPV33, 52 and 58 are limited, with only one study showing no significant increase in HPV52 and 58 cross-NAbs six months following the third dose of 2vHPV [19] , making comparisons with our results difficult. The small number of previously unimmunised girls who were seropositive to HPV33, 45, 52 and 58 prior to a dose of 2vHPV suggests possible exposure to these types through natural infection and host immune responses. This could be due to their slightly older age compared with girls in the other groups. It is possible that some of the cross-NAb responses observed in the previously immunised groups may be due to current or previous exposure to the virus. However, it is unlikely that all the seroposivitve immunised girls are infected, and this is supported by an observational study in women in Fiji that found that the point prevalence of non-vaccine type detection (HPV31/33/45) was low (<8%) (F. Russell, unpublished data).
Vaccine efficacies (20-60%) and effectiveness (>60%) against HPV infection and cervical precancers caused by these HPV types (pooled analyses of HPV31/33/45 or HPV31/33/45/52/58) when given three doses of 2vHPV or 4vHPV have been demonstrated in clinical trials and population studies, respectively, with the highest efficacy observed for HPV31 [9] [10] [11] [13] [14] [15] 27] . For vaccine efficacy against HPV infection following two doses or even one dose of 2vHPV or 4vHPV in girls, similar cumulative incident HPV infections over seven years were observed when compared with three doses, although the numbers were small and the participants were not randomly selected [21, 28] . In post-hoc analyses following one or two doses of 2vHPV given six months apart, a vaccine efficacy of 37% against incident HPV31/33/45 infection was also reported [11] . Ongoing trials evaluating single dose HPV vaccine schedule will provide important information on cross-protection for 2vHPV and 4vHPV [23] . The clinical significance of our data is unknown, but longitudinal studies evaluating both immunological and virological end points will be important in addressing cross-NAbs and cross-protection, particularly for reduced-dose schedules.
The booster responses to each HPV type 31, 33, 45, 52 and 58 following 2vHPV were similar across girls who previously received at least one dose of 4vHPV, and these were consistent with our earlier findings for HPV16/18 [22] , suggesting immune memory to these cross-reactive types. Previous studies have shown HPV31-and HPV45-specific memory B cell responses following two-or three doses of 2vHPV or 4vHPV, which were still detectable in 50% of individuals after two years [16, 17] . Our findings now show that HPV31 cross-NAb responses are detectable six years after 4vHPV and can be boosted by a later dose of 2vHPV. This is significant, particularly in LMICs currently using 4vHPV or 2vHPV and where the newly-licensed 9vHPV may be inaccessible, as broader protection against non-vaccine types could also occur. It is worth noting that girls who received an initial series of two or three doses are not recommended to be boosted routinely, rather that this was evaluated for the purpose of this study.
In previously unimmunised girls, HPV31 and 33 NAb titres, but not titres for HPV45, 52 and 58, increased significantly after 2vHPV, suggesting that one dose of 2vHPV may protect against HPV31 and 33 in the short term. These data are likely to be an underestimation since girls not previously immunised were greater than 15 years old when they received their first vaccine dose, and higher NAb responses are usually observed in younger girls under 15 years old [29] [30] [31] . Higher NAb to HPV31 and 45 are reported for 2vHPV than 4vHPV, which can be attributed to the AS04 adjuvant in 2vHPV [17, 18, 32] . A systematic review and meta-analysis also found higher vaccine efficacy estimates against HPV infections and lesions associated with HPV31, 33, and 45 for 2vHPV compared with 4vHPV, although the differences were not all significant [33] .
Lower cross-NAb levels to HPV31 and HPV45 were observed for the iTaukei girls compared with FID girls in the two-and three-dose groups, consistent with our previous findings for HPV16 and HPV18 [22] , although we did not power the study for these stratified analyses. The reasons for this difference is not known, although BMI may be one factor as iTaukei girls in our study had significantly higher BMI than FID girls [22] . Whether these findings have any clinical implications is not known, however continued surveillance of any vaccine failures is crucial, particularly for individuals or ethnic groups that induce lower immunity following HPV immunisation.
Levels of cross-NAb did not differ for any of the HPV types examined when the interval between the first and second dose was within or greater than six months. Higher immunogenicity or non-inferior antibody responses (when compared with a three-dose schedule) are usually observed for vaccine types when the second dose is given after more than six months [25, 34, 35] . This is also likely true for cross-NAbs, although there are only one other study showing similar HPV31 and 45 antibody responses between girls who received two doses of 2vHPV separated by six months and girls who received the standard three-dose schedule [35] .
The major limitation of this study was the small sample size, particularly for the secondary analyses and the potential selection bias shown in the differences in participants' age and education at enrolment as mentioned previously [22] . A strength of this study was the length of follow-up being one of the longest to date to report cross-NAb levels, as well as the inclusion of both one-and two-dose schedules, with data on all 5 HPV types that are included in 9vHPV. We also did not have any longitudinal HPV infection data, or information on participants' sexual behaviours (i.e., whether they are sexually active and the number of sexual partners) in this cohort which may have influence the NAb responses, although as previously mentioned the prevalence for HPV31/33/45 in this population is low (F. Russell, unpublished data).
Conclusions
This study documented long-term cross-NAb response to HPV31 following reduced-dose 4vHPV vaccine schedules. Importantly, girls who were immunised with at least one dose of 4vHPV had HPV31 NAbs that persisted for six years and that a booster dose of 2vHPV enhanced cross-NAbs to all five non-vaccine types measured to a similar level as the two-and three-dose groups. How these findings relate to clinical protection is not known, but it is likely that 4vHPV will provide additional benefit by providing broader protection to HPV31, which is the 4th most common HPV type causing infections and invasive cervical cancer worldwide (4% in both cases) [36, 37] . Further research into the long-term immunogenicity and efficacy of reduced-dose HPV schedules, using 2vHPV or 4vHPV, should be a continued priority to facilitate the introduction of HPV vaccine in LMICs to reduce the high burden of cervical cancer and HPV-associated disease.
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